Bacteriophages that infect Arthrobacter , a genus of bacteria which play key ecological roles in soil, warrant further study. A novel Actinobacteriophage, Giantsbane, was isolated on Arthrobacter globiformis and purified. Particle stability was tested at various temperatures and salinity concentrations by observing titer differences; unpaired Student's t-tests revealed these differences to be insignificant. Transmission electron microscopy and Illumina whole-genome sequencing revealed that Giantsbane's morphology and genome length, respectively, were characteristic of Siphoviridae phages. 94 putative open reading frames were determined using Glimmer, GeneMark, and manual review; none were associated with lysogeny. Giantsbane was placed into phage cluster AU, and SplitsTree and batch ANI analyses revealed similarities with other AU phages. The annotated genome was further analyzed using Phamerator and MEME-Suite, which identified repeated motifs present in several other phages. These findings help further our understanding of the physiological and genomic aspects of phage biology.
INTRODUCTION
Despite being the most abundant biological entities, bacteriophages are not well understood or characterized (Hatfull, 2015) . Soil bacteriophages are of particular interest because of their ability to infect bacteria critical to ecological processes such as nutrient cycling (Uroz et al., 2011) . Functionally and genetically characterizing these bacteriophages increases our understanding of their biological and ecological roles, and contributes to a significant and growing body of knowledge. Arthrobacter , a genus of soil bacteria, is a keystone taxon in soil ecosystems due to its ability to recycle nitrogen and carbon (Romaniuk et al., 2018) . Its diverse metabolic capabilities affect the composition of nutrients in soil, impacting soil ecosystem biodiversity and health (Eschbach et al., 2003) .
Phages shape the microbiomes of different environments (Zhang et al., 2017) and the ability of a phage to infect Arthrobacter depends on how well it survives in common soil environments (Iriarte et al., 2007) . Determining how soil bacteriophages infect hosts under various environmental conditions reveals the boundaries within which the phage can propagate.
Here we report the isolation and characterization of a novel phage, Giantsbane, isolated on host Arthrobacter globiformis .
To test the conditions under which Giantsbane might infect A. globiformis populations in soil, we examined how titer and plaque morphology changed as a result of temperature and salinity variations. Transmission electron microscopy (TEM) was used for morphological characterization. Illumina genome sequencing, genome analysis, and annotation enabled genomic characterization, and comparative genomic analysis determined Giantsbane's relation to other Arthrobacter -infecting phages.
Environmental condition assays showed that Giantsbane was resistant to temperature and salinity variations within 20-30°C and up to 0.12 M NaCl, respectively. TEM revealed that Giantsbane was a member of the Siphoviridae family. Whole-genome sequencing and annotation revealed a genome of 56 kbp and 94 putative genes, 27% of which have putative functions.
Comparative analysis showed that Giantsbane shares high nucleotide sequence similarity with phages in cluster AU, which is composed of lytic, Siphoviridae phages. Genomic analyses revealed that cluster AU separates into four distinct groupings, based on nucleotide and pham similarities. A 32 bp repeat sequence found in Giantsbane and other phages may provide a basis for genetic mosaicism through homologous recombination as indicated by several gene translocations that only occur near the repeat sequences, increasing phage diversity.
EXPERIMENTAL PROCEDURES

Sample Collection, Direct Isolation, and Spot Test
Soil was collected on April 8th, 2019 at 2:40pm from the UCLA Botanical Gardens in Los Angeles, CA (34.065562°N, 118.441146°W), at 26.1°C from dry soil at a depth of 23.9 cm.
Sample soil was incubated with enrichment broth at 250 rpm with shaking for 1.5 hours at 25°C and filtered through a 0.22 μm syringe filter. Filtrate and A. globiformis strain B-2979 were mixed in a 2:1 ratio and incubated at 25°C for 20 minutes before being mixed with 2X PYCa soft agar, plated on a PYCa agar plate, and incubated at 25°C for 24 hours.
Putative plaque clearings were picked and diluted with phage buffer, and was added to a soft agar overlay of PYCa and A. globiformis , and incubated for 24-48 hours at 25°C for a spot test to confirm phage presence.
Plaque Assay Purification
A clearing from the spot tests was picked and diluted in phage buffer. To purify the phage, two consecutive plaque assays were performed. Serial dilutions of phage stock from 10 -1 to 10 -9 were mixed with A. globiformis B-2979 at a 1:10 ratio, then incubated at 25°C for 10 minutes. This mixture was plated using a soft agar overlay with PYCa top agar and PYCa plates.
Dried plates were incubated for 48 hours at 25°C.
MINI and MIDI Lysate Collection and Titer Determination
Purified plates exhibiting web lysis were flooded with phage buffer and incubated at 25°C for one hour. Contents were filter sterilized with a 0.22 μm filter to create the MINI lysate.
Lysate titer was determined through the standard plaque assay protocol, and used to calculate PFU MAX WEB for webbed-lysis on the MINI assay plates.
Plates showing web-lysis patterns from the MINI lysate plaque assay were subsequently flooded with phage buffer and incubated at 25°C for one hour before its contents were filter sterilized to create the MIDI lysate. Titer was calculated from a standard plaque assay protocol.
Transmission Electron Microscopy
Purified phage lysate was placed on a carbon-coated EM grid and left for 2 minutes.
Excess fluid was removed and 3 μL of 1% uranyl acetate stain solution was added and left for 2 minutes. Staining was repeated twice. The grid was air-dried for 10 minutes and visualized with a Philips CM120 microscope. Measurements of capsids and tails were calculated with ImageJ.
Temperature and Salinity Assays
For each assay, plaque assays were performed under different conditions. Negative control plates contained only phage buffer and were subjected to the tested environmental conditions. Temperature assay plates were incubated at 20°C, 25°C (positive control), 30°C, 33°C, or 35°C for 48 hours. For the salinity assay, A. globiformis was mixed with aqueous NaCl to create 0 M (positive control), 0.03 M, 0.06 M, 0.09 M, and 0.12 M NaCl solutions and incubated at 25°C for 10 minutes pre-adsorption. For all assays, plaque size, morphology and count were recorded and titers were calculated. Differences in titer for both assays were tested for significance with a one-tailed, unpaired Student's t-test at α=0.05. Statistics were calculated and graphs prepared using Prism version 8 (Graphpad Software, CA, USA).
DNA Extraction, Sequencing and Assembly Methodology
Phage DNA was extracted using the Wizard DNA Clean-Up kit (cat # A7280, Promega, WI, USA). Sequencing libraries were made using a NEB Ultra II Library Prep kit (New England Biolabs, MA, USA) and were sequenced using the Illumina MiSeq platform. Contigs were assembled using Newbler version 2.9 which was checked for accuracy and genomic termini using Consed version 29.
Gene Location
DNA Master version 5.0.2 ( http://cobamide2.bio.pitt.edu/computer.htm ) and PECAAN ( https://pecaan.kbrinsgd.org/ ) were used for genome auto-annotation. Glimmer version 3.02 (Delcher et al., 2007) and GeneMark version 2.5 (Besemer & Borodovsky, 2005) were used to predict open reading frames (ORFs). Gene locations and start sites were corrected using Phamerator and Starterator (Cresawn et al., 2011) during the manual annotation process.
Functional Calls
BLASTp (Altschul et al., 1990) , using NCBI (Wheeler & Bhagwat, 2007) and PhagesDB (Russell & Hatfull, 2017 ) version 2.9.0 databases, was used to find functional relationships with either known bacteriophage proteins or all known proteins within Genbank, respectively, to determine gene function. Functional BLAST calls with sequence identities above 35%, query coverage above 75%, and E-values below 10 -7 were prioritized as strong functional evidence.
HHpred version 3.2.0 (Söding et al., 2005) was used to detect structure homology with known proteins in the Protein Data Bank (PDB). High sequence similarity was preferred, as well as high probability (>80-90%), low E-values (<10 -3 ), and high coverage (>40-50%). CDD was used to find residue homology with known proteins presented in conserved domain models. TmHmm version 2.0 (Krogh et al., 2001 ) was used to predict the presence of transmembrane helices from the protein sequence. Only predictions with probabilities over 0.75 were considered.
Batch ANI
Batch ANI was conducted using the command line tool OAU (Lee et al., 2016) and the USEARCH algorithm (version 11). The resulting OrthoANI values were converted into a colored-heat map using Prism version 8 (Graphpad Software, CA, USA).
SplitsTree
SplitsTree (version 4.13.1) analysis was used to group cluster AU phages based on Pham similarity. Phage lineages were based off of an arbitrary point of origin and the distance between nodes reflects the relative genomic distance between the genomes.
Repeated Sequence Discovery
Repeated sequences were elucidated in Giantsbane using MEME Suite version 5.1.0 and
Phamerator was used to locate the position of the sequences relative to genes. Phamerator was utilized again to observe conserved Phams and their order within genomes.
RESULTS
A. globiformis -infecting phage found in soil
Phage distribution depends on the host's natural habitat (Clokie et al., 2011) ; therefore soil was expected to contain phages that infect A. globiformis, a common soil bacterium.
Numerous phage were successfully isolated on A. globiformis using direct isolation from bulk soil ( Figure 1a ). Spot tests confirmed that clearings were a result of phage lysis. One clearing was chosen for isolation and purification, and two consecutive plaque assays were performed to isolate phage Giantsbane (Figure 1b ). The purified phage was amplified through MINI and MIDI lysate generation to create a concentrated phage stock (Table 1) .
Figure 1 | A. globiformis -infecting phage plaque assays. a)
Phage lysate isolated through direct isolation from the soil sample was plated on a soft agar overlay of PYCa soft agar and PYCa hard agar and incubated at 25 C for 24 hours. Putative plaques can be observed. b) A single clearing from the direct isolation plate was picked and purified through two plaque assays to isolate phage Giantbane. A representative plaque assay plate is shown. 
TEM reveals Siphoviridae morphology
Head and tail morphology are useful for classifying phages (Fokine & Rossmann, 2014).
Since phage head and tail morphology are integral to overall morphological classification, if
Giantsbane is a member of Siphoviridae , then it should exhibit a long, non-contractile tail. TEM showed that Giantsbane has a head diameter of 80.7 ± 4.2 nm and a long, flexible tail of length 219 ± 15 nm with some kinked patterns ( Figure 2) . These measurements and morphology are consistent with the characteristics of T5-related Siphoviridae (Carstens, 2012) .
Figure 2 | Transmission electron microscope picture of Giantsbane reveals Siphoviridae morphology.
A picture of Giantsbane's physical structure was taken using a Philips CM120 transmission electron microscope model at 52,000x magnification. The diameter of the phage head is approximately 80.7 ± 4.2 nm and the length of the tail is approximately 219 ± 15 nm.
Phage infectivity is unaffected by 5°C deviation from 25°C and at salinities up to 0.12 M
The optimal growth temperature for A. globiformis is 25°C (Berger et al., 1996) . To determine how conditions deviating from the host's preferred temperature affected phage propagation, plaque assay plates were incubated for 48 hours at various temperatures. Plaques appeared at 20°C, 25°C, and 30°C (Figure 3 ). Titer was highest at 25°C, but overall differences were statistically insignificant, indicating that small variations in temperature did not impact phage infectivity.
Soil salinity is highly variable on a temporal scale (Zhang et al., 2014) , therefore, the effects of salinity concentration variations on phage propagation were also examined. Solutions of various NaCl concentrations were added to bacteria before a standard plaque assay was Characterization of phage Giantsbane conducted. A negative correlation between titer and salinity was observed, but was not found to be statistically significant (Figure 4) .
Figure 3 | Incubation temperature does not affect titer.
A. globiformis was inoculated with dilutions of phage lysate, plated, and incubated at 20˚C, 25˚C or 30˚C for 48 hours. Plaque counts were used to calculate average titer. A decrease in titer can be observed in the 20˚C and 30˚C incubation temperatures compared to 25˚C, but was not found to be significant through a one-tailed unpaired Student's t-test at a 95% confidence level. (n = 4 trials)
Giantsbane genome characteristics and AU2 classification
Sequencing was performed on purified Giantsbane DNA using Illumina, with 2197x coverage. The genome was 56,734 bp in length, with a GC content of 50.1% ( Figure 5 ). The genome ends had 3' sticky overhangs, exhibiting a sequence of CGCCGGCCT. Giantsbane was categorized into cluster AU, which currently contains 20 phages, and subclustered with phage Shepard in AU2. Cluster AU phages are generally lytic, infect Arthrobacter and are classified as
Siphoviridae , supporting Giantsbane's Siphoviridae classification as predicted by TEM.
Figure 4 | Incubation of A. globiformis and phage at varying salinities does not affect titer.
A. globiformis was incubated in saline solutions at concentrations of 0, 0.03, 0.06, 0.09, and 0.12 M NaCl before inoculation with phage. Plates were incubated at 25°C for 48 hours. Plaque counts were used to calculate average titer. A general decreasing trend in titer was observed as salinity concentration increases, but no variations in titer were found to be significant through a one-tailed unpaired Student's t-test at a 95% confidence level. (n = 3 trials)
Manual correction of Giantsbane auto-annotation yields 94 putative genes
After sequencing, auto-annotation and manual annotation were performed on the genome.
Annotation resulted in 94 putative forward genes, 25 of which had putative functions, such as encoding for structural, packaging, and DNA replication proteins. The other 69 genes currently have no known functions ( Figure 5 ). 
Giantsbane shares highest nucleotide similarity with AU2 phage Shepard
Phages are typically sorted into clusters and subclusters to show evolutionary relatedness and facilitate phage characterization. While phages are primarily clustered based on pham similarity, nucleotide similarity is an important factor as well (Hatfull, 2018) . Batch ANI analysis with all AU phages helped examine intra-cluster similarities (Figure 6a ). Giantsbane was found to share the highest percentage nucleotide similarity (86.6%) with AU2 phage Shepard, and AU3 phages Ingrid and Loretta are also highly similar to each other. Unexpectedly, AU1 phage Makai shares higher nucleotide similarity with AU2 phages Giantsbane and Shepard (80.5% and 82.2%) than with any other cluster AU phage, including its AU1 subcluster members. This suggests that subcluster AU1 has two distinct subgroups based on nucleotide similarity.
SplitsTree results consistent with nucleotide sequence analysis
Examining pham conservation between phages is the main factor for clustering phages.
Genes are grouped into phams based on amino acid sequence similarity, and phages sharing at least 35% pham similarity are clustered together (Hatfull, 2018) . Therefore, a SplitsTree analysis of pham conservation between Giantsbane and other AU phages was used to further examine intra-cluster similarities, which showed four distinct groups: the first containing Loretta and Ingrid; the second containing Makai, Giantsbane, and Shepard; the third containing Caterpillar and MediumFry, and a fourth containing all of the remaining AU1 phages (Figure 6b ).
Figure 6 | Alternative groupings of AU phages based on nucleotide similarity and phams. a)
A heat map was constructed based on the OrthoANI values obtained from Batch ANI analysis of cluster AU phages, with a color range of blue to red corresponding to nucleotide percentage similarities of 50% to 100%, respectively. b) SplitsTree analysis was used to group cluster AU phages based on Pham similarity. The SplitsTree diagram showed four distinct groups within the AU cluster, as opposed to the three current subclusters. Makai was shown to be more closely related to both AU2 phages, compared to most AU1 phages, despite its classification in AU1, while AU1 Caterpillar and MediumFry are shown to be more closely related to each other than to any other AU1 phages.
Giantsbane contains repeated sequences flanking conserved Phams of AU phages
Nucleotide motifs, or repeat sequences, may be vestiges of recombination events (Rybnicky, 2017) and drive mosaicism in phages (De Paepe et al., 2014) . As a result, looking into motifs in Giantsbane may elucidate recombination hotspots.
Using MEME to search for motifs within a single phage and Phamerator to look at conservation of motifs across genomes, a 32 bp repeat sequence, indicated by red lines within Phamerator, was found in the intergenic regions surrounding genes 37-41 of Giantsbane (Figure   7a , 7b). This sequence occurs immediately upstream and downstream of each gene in this region, making it a boundary sequence as described by Clark et. al (2001) ; this pattern is found in AU1 and AU2 phages. The outer genes of this five-gene "cassette" were subject to translocation to different regions within the gene cassette (Figure 7c ). This cassette contained the only instances of gene translocation observed among AU phage genomes. Genomic sequencing and annotation revealed 94 putative genes, including core structural, assembly, and lysis genes. No lysogenic genes were identified, supporting the classification of Giantsbane as a lytic phage. Currently, 69 genes have no known function. Batch ANI and SplitsTree analyses supported Giantsbane's placement into cluster AU. Giantsbane shares over 75% nucleotide similarity and high pham similarity with other AU phages. Cluster AU is composed of lytic Siphoviridae phages, suggesting that Giantsbane also exhibits these characteristics, which was confirmed with TEM analysis and the lack of a tail sheath protein.
Nucleotide similarity and pham conservation analyses revealed expected and unexpected patterns of inter-subcluster similarity. As expected, AU1 phages Caterpillar and MediumFry were observed to be more similar to each other than any other AU phage. However, AU1 phage
Makai was found to have higher ANI with AU2 phages Shepard and Giantsbane than other AU1 phages. These unexpected inter-subcluster similarities allow for a better understanding of Arthrobacter -infecting Siphoviridae phages, which can help inform and clarify classification of similar phages in the future. MEME and Phamerator revealed a 32 bp repeat sequence in the intergenic regions of a five gene cluster in AU phages (excluding AU3) within the 28.5-30 kbp region. Genomic comparison analyses found that genes within this region were prone to insertions, deletions or translocations between phages. Several lambdoid phages have shown similar boundary sequences, proposed to create highly mosaic genomic regions (Clark et al., 2001) . Gene translocations were only seen in this region, indicating the potential function of these intergenic repeat sequences. This provides evidence that boundary sequences may provide an additional means of recombination, in addition to illegitimate recombination (Morris et al., 2007) . Multiple cycles of Giantsbane propagation followed by sequencing of the final generation and comparison with the original genome may help elucidate the potential importance of intergenic repeat sequences in mechanisms of phage genomic rearrangement and evolution. These findings would ultimately further our understanding of the roles of repeat sequences in phages and novel methods of propagating phage diversity.
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